During myofibril formation, Z-bodies, small complexes of alpha-actinin and associated proteins, grow in size, fuse and align to produce Z-bands. To determine if there were changes in protein dynamics during the assembly process, Fluorescence Recovery after Photobleaching was used to measure the exchange of Z-body and Z-band proteins with cytoplasmic pools in cultures of quail myotubes. Myotubes were transfected with plasmids encoding Yellow, Green, or Cyan Fluorescent Protein linked to the Z-band proteins: actin, alpha-actinin, cypher, FATZ, myotilin, and telethonin. Each Z-band protein showed a characteristic recovery rate and mobility. All except telethonin were localized in both Z-bodies and Z-bands. Proteins that were present both early in development in Z-bodies and later in Z-bands had faster exchange rates in Z-bodies. These results suggest that during myofibrillogenesis, molecular interactions develop between the Z-band proteins that decrease their mobility and increase the stability of the Z-bands. A truncated construct of alpha-actinin, which localized in Z-bands in myotubes and exhibited a very low rate of exchange, led to disruption of myofibrils, suggesting the importance of dynamic, intact alpha-actinin molecules for the formation and maintenance of Z-bands. Our experiments reveal the Z-band to be a much more dynamic structure than its appearance in electron micrographs of cross-striated muscle cells might suggest. Cell Motil. Cytoskeleton 61: 34-48, 2005 . ' 2005 
INTRODUCTION
The ordered structure of sarcomeres, the basic units of striated muscle, arises from interactions between several groups of filaments. These interactions produce an alignment of the filaments precise enough that protein components of the sarcomere are localized in discrete bands both in the resting state and during contraction. Titin and the actin/nebulin filaments terminate in one of these bands, the Z-band. The Z-band also serves as the attachment site for desmin intermediate filaments and often, transverse tubules [reviewed in Ervasti, 2003; Sanger et al., 2004] . Through connections to integrin via the Z-band proteins, alpha-actinin, and talin, the sarcomere is linked to the membrane and the extracellular matrix [Danowski et al., 1992; O'Neil et al., 2002; Ervasti, 2003 ]. Alpha-actinin, an abundant Z-band protein, forms anti-parallel homodimers that cross-link actin/nebulin filaments in the myofibrils. Alpha-actinin also binds the amino terminal end of the giant protein, titin, which extends from middle of the A-band to the Zband . Recently, several new Z-band proteins have been identified that bind to titin or alpha-actinin, including myotilin [Salmikangas et al., 1999] , telethonin [Valle et al., 1997; Gregorio et al., 1998; Mues et al., 1998; Mason et al., 1999] , FATZ [Faulkner et al., 2000] , and cypher/ZASP [Zhou et al., 1999 [Zhou et al., , 2001 Faulkner et al., 1999] . Myotilin, FATZ, and cypher bind alpha-actinin and telethonin binds titin and FATZ.
The linking of Z-band proteins with one another has important implications for muscle formation, maintenance, and structure. The formation of mature Z-bands requires the addition and organization of Zband proteins to form a stable unit that can support contractile forces of the muscle. During myofibrillogenesis, Z-bands assemble by the lateral fusion of the Z-bodies of premyofibrils and nascent myofibrils [Sanger et al., 1986; McKenna et al., 1986; Dabiri et al., 1997; Du et al., 2003 ]. In the transition from Zbodies to Z-bands, the number of proteins in the Zband increases, and this may lead to increased organization and stability needed for contraction [Rhee et al., 1994; Sanger et al., 2000; Sanger and Sanger, 2001a; Siebrands et al., 2004] . The earliest Z-bodies in premyofibrils are positive for actin, alpha-actinin, filamin, and nebulin [Mittal et al., 1987a; Rhee et al., 1994; Moncman and Wang, 1995; Sanger et al., 2000; Siebrands et al., 2004] . Z-band proteins that also interact with the sarcolemma, such as talin and vinculin, become localized after the Z-bodies of nascent myofibrils have fused laterally to form Z-bands (or Z-lines) of the mature myofibrils [Hilenski et al., 1991; Rhee et al., 1994; Sanger et al., 2000] . Between the earliest Z-body stage (premyofibrils) and the mature Z-band stage, titin becomes localized in Z-bodies (nascent myofibrils) [Rhee et al., 1994] . At this time, musclespecific myosin II filaments begin to become aligned along the forming myofibrils (nascent myofibrils) in a process thought to be guided by titin [Wang and Wright, 1988; Whiting et al., 1989; Rhee et al., 1994] .
The half-lives of sarcomeric proteins have been reported to be of the order of three to ten days [Zak et al., 1977; Isaacs and Fulton, 1989] . Therefore, once formed, the Z-bands must maintain their integrity while accommodating the replacement of older protein molecules with newly synthesized molecules. It is clear from several studies of protein dynamics in live cells that superimposed on the processes of formation and maintenance of macromolecular complexes such as stress fibers and myofibrils is an active exchange of proteins between organized structures and cytoplasmic pools [Kreis et al., 1979; McKenna et al., 1985a; Sanger et al., 1986; Mittal et al., 1987b] . The time scale for this dynamic behavior is much shorter than protein half-lives, and occurs without affecting structural integrity.
In this work, we transfected skeletal muscle cells with cyan, green, or yellow fluorescent proteins (CFP, GFP, or YFP) coupled to Z-band proteins, and used the technique of Fluorescence Recovery After Photobleaching (FRAP) to reveal protein dynamics inside living cells [White and Stekzer, 1999; Bastiaens and Pepperkok, 2000; Lippincott-Schwartz et al., 2001] . We have used FRAP to measure the dynamics of proteins present in Z-bodies and Z-bands during myofibrillogenesis to determine if there were differences among the different Z-band proteins, and if there were differences in the dynamic exchange of the same protein when it was localized in (1) Z-bodies of premyofibrils and nascent myofibrils, and (2) in Z-bands of mature myofibrils. Our experiments indicate that the Z-band is a dynamic structure with proteins exchanging out of and into the Z-band from cytoplasmic pools, despite its apparent solid structure observed in electron micrographs of cross-striated muscle cells and its role in anchoring the filaments of the sarcomere. Experiments using a truncated construct of alpha-actinin also demonstrate the importance of dynamic, intact alpha-actinin molecules in the formation, stability, and maintenance of the Z-bands in sarcomeres and myofibrils.
MATERIALS AND METHODS
Cell Culture, Transfections, and Immunostaining Skeletal myoblasts were isolated from the breast muscles of 9-day-old quail embryos and plated on collagen-coated dishes at a density of 1 Â 10 5 cells per dish [Dabiri et al., 1999] . The cells were transfected after 2 days of culture with plasmids encoding YFP-, GFP-, or CFP-fused to Z-band proteins. DNA-liposome complexes were prepared by combining 3 ll FuGene-6 transfection reagent with 1 lg plasmid in 100 ll of serum-free medium for each dish. After incubating for 30 min, the complexes were added dropwise to the cells that were in dishes with 1.5 ml transfection medium [Ayoob et al., 2001] . After 12-24 h, the cells were washed 3 times and cultured in normal medium. The cells were transferred to HEPES-buffered medium for observations with confocal microscopy. Immunostaining of transfected cells was performed as previously described using an anti-sarcomeric alpha-actinin antibody and a rhodamine-labeled secondary antibody [Dabiri et al., 1999] .
Constructs
Since publication of the original report describing cypher isoforms 1 and 2 [Zhou et al., 1999 [Zhou et al., , 2001 ], additional cypher isoforms have been identified and characterized (C.H. and J.C., unpublished data). In particular, there are specific isoforms expressed in cardiac and skeletal muscle, which are now denoted as ''c'' and ''s,'' respectively. To clarify the identity of each isoform, the original cypher1 and cypher 2 are now referred to as cypher1c and cypher2s, respectively. Cypher1s is identical to cypher1c except that amino acids 107-228 of Cypher1c are replaced by amino acids 107-189 of cypher2s. Construction of GFP-fused cypher-2s, cypher-PDZ (amino acids 1 to 84), and cypher-LIM (amino acids 507 to 683) has been previously described [Zhou et al., 1999 [Zhou et al., , 2001 . GFP-fused cypher 1s was constructed by PCR amplification of the full-length coding region using Pfu DNA polymerase (Stratagene, La Jolla, CA) followed by cloning into pEGFP-C1 (Clontech, Palo Alto, CA). The other constructs used in this study were assembled using techniques previously reported . The 95-kD sarcomeric alpha-actinin molecule can be divided into two main domains as previously described [Palvalko and Burridge, 1991; Huang et al., 2002] : the N-terminal region, amino acids 1 to 273, contains the actin-binding region of alpha-actinin, and is termed 27-kD in reference to its size; the C-terminal region, amino acids 274 to 898, contains the spectrin repeats and the integrin-binding domain and is designated 53-kD. The cDNA for skeletal alpha-actinin and 27-kD fragment were cloned into pEYFP and pECFP (Clontech). The cDNAs of myotilin, telethonin, FATZ, and actin were derived from RT-PCR reactions using the human skeletal muscle total mRNA (Stratagene) and cloned into the YFP plasmid, pEYFP (Clontech). All constructs were sequenced to ensure that no PCR errors had been introduced. For alpha-actinin, it is essential for YFP and CFP to be fused to the carboxyl terminus of alpha-actinin for the fusion protein to become specifically localized in the transfected cells. This was first discovered in the assembly of the GFP construct for alpha-actinin by Dabiri et al. [1997] . For all other constructs, the position of the fluorescent probe had no effect on the localization of the fusion protein or on the fluorescence recovery after photobleaching. Transfection of these full-length constructs had no effect on cell growth or myofibril formation. In several experiments, cells were doubly transfected with CFP-alpha-actinin and YFP-Z-band proteins to determine if the two colored proteins located to the same Zbands and had the same type of recoveries after photobleaching as experiments performed with single transfections. The plasmid encoding the photoactivatible GFP was obtained from Patterson and Lippincott-Schwartz [2002] .
Confocal Imaging, Photobleaching, and Data Analysis
Cells were observed with a Zeiss (Thornwood, NY) LSM 510 confocal microscope, using a 63Â water-immersion objective, an excitation wavelength of 488 and a longpass 505-nm emission filter for both GFP and YFP probes. Regions of interest were bleached using the Zeiss software, with the laser at 100% power. Post-bleach images were obtained periodically at time points between 20 or 60 sec apart with 2% laser intensity. Data were analyzed using MetaMorph software on a PC workstation. Stacks of images in each time series were aligned and the average fluorescence intensity of the bleached Z-band, an unbleached Z-band as a control and a background region, were recorded for each time point. The background intensity was subtracted from the bleached and unbleached intensity values, and the ratio was calculated between the resulting corrected intensities. The value from the initial bleach image (t ¼ 0) was then subtracted from each time point and the data were normalized so that the pre-bleach intensity was set equal to 1 and the intensity of the initial bleach image (t ¼ 0) was set to 0. Finally, the normalized recovery data from a number of Z-bands (2-5) in one cell were averaged for further quantitative analysis. The curve fitting method was used to extract the mobile fraction, rate and half time of recovery (t 1/2 ) from the FRAP curve as previously reported [Tyska and Mooseker, 2002] with some modifications. KaleidaGraph was used to fit the averaged data to the following one or two exponential expression:
For the data analysis, we fit the data to single-and double-exponential processes and compared these curves with the experimental curve. Almost all of the plots indicated the best fit was with a two-step process for the measured rates of recovery after photobleaching. R is the relative recovery of fluorescence intensity of the bleached area at time t. M 1 and M 2 are the mobile fractions of the two exponential processes with rate constants k 1 and k 2 , respectively. The total mobile fraction (M) was given by M 1 þ M 2 . The half time of fluorescence recovery (t 1/2 ) for each process was calculated by t 1/2 ¼ ln2/k. The number of samples is 6-12 different cells for each protein for FRAP analysis. Grouped data are presented as the mean 6 standard deviation (SD).
RESULTS

Localization of the GFP or YFP Fused Z-Band Proteins in the Mature Myofibrils and Premyofibrils
When skeletal myoblasts, isolated from quail embryonic breast muscle, fuse to form myotubes in culture, the muscle isoform of alpha-actinin is present initially in premyofibrils as small punctate bodies (Z-bodies) that align and fuse to form the Z-bands of mature myofibrils Siebrands et al., 2004; Golson et al., 2004] . Premyofibrils and nascent myofibrils continue to form at the sides and ends of the growing myotubes as the central cytoplasm of the myotube fills with mature myofibrils. The Z-band proteins, myotilin, FATZ, and cypher, when expressed with GFP or YFP tags, also colocalized with alpha-actinin in the Z-bodies of premyofibrils and nascent myofibrils, as well Z-bands, in transfected muscle cells that had been fixed and stained with a muscle-specific alpha-actinin antibody (Fig. 1) . Telethonin, on the contrary, did not co-localize with alpha-actinin in Zbodies, but rather showed a diffuse distribution until mature myofibrils formed, when it localized in Z-bands of the mature myofibrils ( Fig. 1) . In older myotubes, telethonin remained diffusely distributed in the ends where premyofibrils were present. None of the myotubes expressing any of the different full length GFP-or YFP-Z-band proteins were inhibited in their growth, ability to assemble myofibrils, and spontaneous contractions.
Antibodies to mouse cypher also stained the Zbodies and Z-bands of the quail myotubes yielding images identical to those of the GFP-cypher transfected quail myotubes (data not shown). Antibodies directed against avian FATZ and myotilin are unavailable, and antibodies directed against human telethonin were unreactive in quail myotubes.
FRAP of Z-Band Proteins in Mature Myofibrils
To compare the dynamics of these different Z-band component proteins, FRAP technology was used with myotubes that had been transfected with GFP or YFP fusions of the proteins. Figure 2 shows an example of one such trial of fluorescence recovery of YFP-myotilin ( Fig. 2A) , YFP-alpha-actinin (Fig. 2B) , and YFP-telethonin ( Fig. 2C ) in the Z-bands of mature myofibrils. It is clear from images that myotilin recovers much more completely than either alpha-actinin or telethonin. To determine the fluorescence recovery rates of these and other Z-band proteins, the fluorescence intensity data of each trial were normalized for an initial bleach level of 0% and the recoveries of fluorescence were plotted as a function of time after bleaching (Fig. 3A) . The three Zband proteins highlighted in Figure 2 span the range of recoveries: myotilin fluorescence recovered to 98% of the initial intensity within 10 min whereas only 40 % of bleached alpha-actinin and 22% of the photobleached telethonin exchanged in the same time period (Fig. 3A) .
The FRAP curves (Fig. 3A) of the Z-band proteins indicate that recovery rates are faster initially, and are best fitted with a two exponential process to extract the mobile fraction and recovery rate constants shown in Table I . Figure 3B compares the mobile fraction of the two exponential processes of each protein. Both myotilin and cypher-1s are fully mobile in the Z-band, but cypher-1s shows higher recovery rate in the early recovery process as it has a higher fast mobile fraction and rate constant (Fig. 4 and Table I ). All the other Z-band proteins are partly mobile in the Z-bands with different mobile fractions. Alpha-actinin and cypher-2s have similar mobile fractions, but cypher-2s has a higher recovery rate constant than alpha-actinin for both fast and slow process. Telethonin is the least mobile protein among these Z-band proteins.
Comparison of the Dynamics of the Z-Band Proteins in Mature Myofibrils and Premyofibrils
To investigate whether the dynamic properties of the Z-band proteins changed during myofibrillogenesis, FRAP analysis was also performed on the proteins localized in Z-bodies of the premyofibrils and compared with the data for the same proteins in Z-bands of the mature myofibrils. The example in Figure 4A , shows the fluorescence recovery of cypher-2s in premyofibrils occurs at a faster rate and to a greater extent (almost 100% after 20 min) than it does in mature myofibrils (about 60% in 20 min). The proteins that exhibited the highest fluorescence recovery in mature myofibrils also exhibited the highest recovery in Z-bodies in premyofibrils (Fig. 4B) . In each case, Z-band proteins showed differences in recovery between Z-bodies and the Z-bands (Fig. 4B) . A comparison of the mobile fractions in Tables I and II and Figure 4 indicates that the fast mobile fraction for each protein was greater when the protein was localized in Zbodies than that when it was in Z-bands. This suggests that during myofibrillogenesis, as the Z-bodies of premyofibrils align and fuse to form the Z-bands of mature myofibrils, constraints are imposed that restrict each protein's mobility.
To determine if inhibition of protein synthesis affected the dynamics of YFP-alpha-actinin in Z-bands, we measured the rates of recovery from photobleaching (FRAP) experiments in the same transfected myotubes, before, during 3-h exposures to 100 lmol of cycloheximide, and after removal of this inhibitor of protein synthesis. There were no differences in the recovery times and mobile fractions of YFP-actinin during these three different conditions (data not shown). These results suggested that the exchange of proteins in the Z-band, minutes to hours, was independent of protein synthesis and the long half-lives of the sarcomeric proteins (3 to 10 days determined by radioisotopes) [Zak et al., 1977; Isaacs et al., 1989] .
We reported previously that the GFP probe had to be placed on the C-terminus of alpha-actinin to obtain Zband localization in cardiomyocytes . We observed similar results for the Z-bands of skeletal muscle cells. The N-terminus of alpha-actinin contains the actin-binding domain, and it appears to be rendered inactive when the YFP is placed there. The rates of recovery for all the other probes used in this study were the same whether the fluorescent probes were ligated to either the N-or the C-termini of the Z-band proteins (data not shown). The measurements were also the same whether the fluorescent probe was CFP, GFP, or YFP (data not shown).
The Dynamics of Photoactivatable GFP-Alpha-Actinin in Z-Bands Photoactivatable GFP offers a complementary tool to GFP that is photobleached, allowing protein dynamics to be analyzed by tracking the loss of fluorescence after photactivatable molecules are induced to fluoresce [Patterson and Lippincott-Schwartz, 2002] . When Z-bands in myotubes transfected with photoactivatable GFP-alpha- Fig. 3 . FRAP of different Z-band proteins in mature myofibrils. A: The average FRAP recovery curves within 20 min of myotilin (black circles), cypher-1s (white circles), FATZ (black rectangles), cypher-2s (white rectangles), alpha-actinin (black triangles), actin in the Z-band (white triangles), and telethonin (black diamonds). B: Comparison of the fast (solid black columns) and slow mobile (stippled columns) fractions of different Z-band proteins. Values are the means 6 SDs. Note that myotilin and cypher-1s were 100% mobile, and telethonin is the slowest protein recovering from photobleaching. actinin were irradiated with 364 nm laser light, fluorescence was greatly increased in the activated region (Fig. 5A,b) . As expected, the fluorescence decreased over time as the fluorescent alpha-actinin exchanged with non-fluorescent alpha-actinin in the cytoplasmic pool (Fig. 5A,c, d; B) . Quantitative analysis based on 5 different transfected myotubes indicated that about 55% of the fluorescence decreased after 20 min. These results are comparable to those obtained for GFP-alpha-actinin using FRAP (Fig. 3A) . Thus, two different methods demonstrate that alpha-actinin in Z-bands are in a dynamic exchange with the cytoplasmic pool in the muscle cells. When the actin-binding, N-terminal domain of alpha-actinin (aa 1-273) was fused to YFP and expressed in myotubes, it co-localized with alpha-actinin in the Z-bodies of premyofibrils and in the Z-bands of mature myofibrils. FRAP analysis of this truncated alpha-actinin (1-273) in the Z-bodies and Z-bands demonstrated that it had a significantly lower recovery rate than the full-length alpha-actinin (Fig. 6) . After 20 min, when full-length alpha-actinin reached about 80% recovery in Z-bodies and 60% recovery in Z-bands, the recovery of the alphaactinin (1-273) fragment was only about 10% recovery in both Z-bodies and Z-bands (Fig. 6 ). An analysis of the mobile fractions of the truncated probe indicated the recovery fit a single exponential process (Table III) . In contrast to myotubes transfected with the full construct of YFP-alpha-actinin, the truncated construct induced disruptions of existing myofibrils and inhibited the assembly of new myofibrils in transfected myotubes (Fig. 7) .
Comparison of the Dynamics of Myotilin and Thr57Ile Mutation
A mutation in the myotilin gene that results in the conversion of residue 57 from threonine to isoleucine has been found in limb girdle muscular dystrophy 1A (LGMD1A) [Hauser et al., 2000] . To investigate whether this mutation would perturb the normal localization or dynamic properties of myotilin, we introduced a Thr57Ile mutation into myotilin cDNA and linked it to YFP in the YFP expression vector. When transfected into myotubes, the mutant myotilin co-localized in the same way as normal myotilin with alpha-actinin in the Z-bodies of premyofibrils and Z-bands of mature myofibrils and had no effect on the formation or stability of myofibrils (data not shown). Photobleaching experiments showed that the mutated protein and the normal protein were equally dynamic as judged by FRAP data in myotubes transfected with YFP fusions of the two proteins (Tables I and III) . Furthermore, in myotubes doubly transfected with YFP-myotilin-Thr57Ile and CFP-alphaactinin, the presence of the mutated myotilin had no effect on either the localization of CFP-alpha-actinin or on its fluorescence recovery compared to control photobleached cells (data not shown).
Comparison of the Dynamics of Cypher-1s, Cypher-2s, and Two Cypher Domains: Cypher-LIM and Cypher-PDZ Of the two skeletal cypher isoforms, the more dynamic, Cypher-1s, has a PDZ domain and three LIM domains, whereas the smaller cypher-2s has a PDZ domain but no LIM domains (Fig. 8A) . GFP fusions of PDZ or LIM domains of the two variants expressed in myotubes co-localized with alpha-actinin in the Z-bands with no detectable long-term effects on the structure or contractions of the myofibrils (data not shown). FRAP analyses of Z-bands with these domains showed markedly different rates of fluorescence recovery for the two domains ( Fig. 8B ; Table III ). The cypher-PDZ domain showed 100% recovery in 200 sec, exhibiting a recovery rate that was significantly higher than the rates for the full-length cypher isoforms and cypher-LIM, as well as for the other Z-band proteins examined in this study (Fig. 3B) . The FRAP data for the PDZ domain were best fit by a single exponential ( Fig. 8C ; Table III ). The fluorescence recovery of the cypher-LIM domain in Z-bands was lower than that for the full-length cypher-1s, but similar to that for cypher-2s (Fig. 8C) .
DISCUSSION Z-Bodies to Z-Bands
The mature Z-band is a hub of filaments and proteins whose interconnections, in many cases, have been Gregorio et al., 1999] . During the formation of Z-bands, structural complexity develops as the number of component proteins increases. Before they fuse and form Z-bands, Z-bodies in premyofibrils are small amorphous aggregates that contain actin and alpha-actinin [McKenna et al., 1986; Rhee et al., 1994] as well as three proteins that bind to alpha-actinin: myotilin, FATZ, and cypher (Fig. 9) . When premyofibrils that have Z-bodies and non-muscle myosin IIB but no muscle isoform of myosin II develop to a nascent myofibril stage, where Z-bodies, non-muscle myosin IIB, and a non-striated arrangement of muscle myosin are present, titin appears in the Z-bodies (Fig. 9 ) [Rhee et al., 1994] . Proteins such as talin and vinculin are in Z-bands, but have not been detected in Z-bodies [Schafer et al., 1993; Rhee et al., 1994; Sanger et al., 2000] . We used FRAP analysis to test the idea that as Zbodies develop into Z-bands, the constituent proteins become less dynamic as judged by their exchange with the cytoplasmic pool of proteins. In this study, we compared the dynamics of actin, alpha-actinin, myotilin, FATZ, and cypher in Z-bodies and Z-bands. Each of these proteins, when expressed in cultured quail myotubes as fusions with GFP or YFP, exchanged more rapidly when localized in Z-bodies of premyofibrils than when localized in Z-bands of mature myofibrils (Fig. 4B) . As Z-bodies fuse in nascent and mature myofibrils, the addition of sarcomeric proteins like the actin-capping protein, Cap-Z [Schafer et al., 1993] , and titin and its capping protein, telethonin [Gregorio et al., 1999] , may anchor the proteins already present in the precursor Z-bodies by increasing the binding between proteins in the Z-bands (Figs. 9, 10 ). Most Z-band proteins have two or more binding partners, which makes the Z-band a very complex network of protein interactions (Fig. 10) . Structural changes in the Z-bands during myofibrillogenesis may also change the spatial arrangement of proteins and cause a decrease in their mobility (Fig. 9) . Although Z-band proteins are less dynamic than their Z-body counterparts, nevertheless, they are still capable of exchanging with the cytoplasmic pool. The recovery process from photobleaching of Z-band proteins in this study could not be fitted with just one exponential curve. These analyses suggest that the dynamic processes of proteins in the Z-band are complex due to the multiple interactions of Z-band proteins (Fig. 10) . Future experimental approaches will be needed to test the role of each Zband protein in the assembly and dynamics of the Zband. This task becomes increasingly more difficult as additional Z-band proteins are discovered [Faulkner et al., 2001; Ervasti, 2003; Sanger et al., 2005] .
The proteins that bind alpha-actinin exchanged more quickly with the cytoplasmic pools than did alphaactinin, with the exception of actin and cypher-2s, which had recovery profiles similar to alpha-actinin (Fig. 3) . The fastest recoveries occurred for myotilin and the cypher isoform 1s. Myotilin, a 57-kD protein in heart and skeletal muscle that contains two immunoglobulin domains, similar to those in titin, was found by the yeast two-hybrid method to interact with alpha-actinin, filamin, and with itself [Salmikangas et al., 1999; van der Ven et al., 2000] . A mutation in human myotilin that changes residue 57 from threonine to isoleucine has been identified in limb girdle muscular dystrophy 1A (LGMD1A), although both the expression level and localization of myotilin is normal in LGMD1A muscle [Hauser et al., 2000] . We also found that when we introduced the Thr57Ile substitution into myotilin, neither the assembly, localization, nor recovery rate after bleaching of myotilin was affected in myofibrils transfected with the YFP-myotilin mutant protein (data not shown). Furthermore, the localization and recovery rate of CFPalpha-actinin also was not affected when it was coexpressed with the mutated YFP-myotilin in the myotube. The effects of LGMD1A, streaming of Z-bands, and disruption of sarcomeres, appear late in the second decade of life [Salmikangas et al., 1999] , indicating that prolonged activity is necessary before the effects of the mutated myotilin become visible.
Cyphers
Cyphers (ZASPs) appear to be essential for the integrity of the Z-bands in contracting myofibrils. Myofibrils are assembled normally in non-contracting fetal Fig. 5 . A myotube expressing photoactivatable GFP-alpha-actinin was imaged by using low levels of 488 nm excitation before and after irradiation with high levels of 364 nm laser light. A: Images (a-d) are preactivation, activation, and 10 and 20 min after activation. Bar ¼ 10 lm. B: The fluorescence intensity curve in the photoactivated region after irradiation. Note that 50 % of the fluorescence was lost after 20 min. (E 17.5 days) diaphragm muscles of cypher-null mice [Zhou et al., 2001] . However, during the first day of neonatal life when contractions of these muscles begin, there is a dramatic disruption of the Z-bands. In the same mice, damage to the Z-bands in cardiac muscles that begin to contract much earlier (E 8) is evident much earlier (E 17.5). Cypher has two mRNA splice variants expressed in skeletal muscle: cypher-1s and cypher-2s [Zhou et al., 1999 [Zhou et al., , 2001 (also see Materials and Methods). Both of them contain an amino-terminal PDZ domain through which binding to alpha-actinin occurs [Xia et al., 1997; Zhou et al., 1999] . Cypher-1s also binds protein kinase C via three carboxyl-terminal LIM domains that are not present in cypher-2s [Zhou et al., 1999 [Zhou et al., , 2001 . It has been suggested that cypher 1s may function as an adapter in striated muscle to couple protein kinase C-mediated signaling to the cytoskeleton. Although larger in size, cypher-1s exhibits a higher recovery rate than cypher-2s (Fig. 8) . The PDZ domain, common to the two variants, has a higher recovery rate than either full-length cypher-1s or -2s, with fluorescence recovery almost complete less than 2 min after Zband bleaching (Fig. 8B ). This suggests that other regions of cypher must stabilize it in the Z-band by binding other proteins or modifying the PDZ domain's binding to alpha-actinin. Although the LIM domains do not bind to alpha-actinin [Zhou et al., 1999 [Zhou et al., , 2001 , it localized in the Z-band (not shown), presumably by binding another Z-band protein. The LIM domains showed a lower recovery rate that was similar to that of cypher-2s. It is not clear why the smaller 2s isoform with no LIM domains should have a lower recovery rate than the 1s isoform with three LIM domains.
Alpha-Actinin
Two previous studies using photobleaching to study alpha-actinin dynamics in muscle cells yielded differing results [McKenna et al., 1985b; Hasebe-Kishi and Shimada, 2000] . In those studies, alpha-actinin coupled to rhodamine dye was microinjected into muscle cells. In one study, where skeletal alpha-actinin was injected, there was almost no recovery of alphaactinin fluorescence in the Z-bands over a 2-h recovery period after photobleaching [Hasebe-Kishi and Shimada, 2000] . Photobleaching of the same alpha-actinin in fibroblasts resulted in almost complete fluorescence recovery indicating that the protein was capable of dynamic exchange. The absence of exchange in Zbands is surprising in view of the exchange we found with YFP-alpha-actinin. In the other study, the recovery of fluorescence of alpha-actinin bleached in Z-bands was about 23% in 30 min and 51% in 6 h [calculated from data in McKenna et al., 1985b] . The relative recovery of fluorescence in Z-bodies of premyofibrils [''punctate structures'' in McKenna et al., 1985b] was faster, reaching about 32% in 30 min and 75% in 7 h [our calculations from data in McKenna et al., 1985b] . Our results also show a faster recovery after photobleaching of skeletal muscle alpha-actinin-YFP in Z-bodies than in Z-bands, but in each case recovery was much faster than in this earlier study where smooth muscle alphaactinin was injected. This may reflect differences in the sequences of the two alpha-actinin isoforms [Bretscher et al., 1979] and different binding properties of smooth versus skeletal muscle alpha-actinins in skeletal muscle cells.
When alpha-actinin is proteolytically cleaved into two major fragments of 27-and 53-kD using the enzyme thermolysin [Pavalko and Burridge, 1991] , the 27-kD fragment contains an actin-binding site and binds stress fibers when microinjected into non-muscle cells. The 27-kD fragment will eventually induce the loss of stress fibers in injected cells [Pavalko and Burridge, 1991] . Our results showed that the YFP-27-kD construct (aa 1-273) localized in the Z-bodies of premyofibrils and Zbands of mature myofibrils. The low fluorescence recovery rate of the 27-kD construct suggests that it binds more tightly in the Z-band than the full alpha-actinin construct, allowing it to compete with the parent molecule and act as a dominant negative inhibitor. The YFP-27-kD construct also caused disruption of stress fibers in transfected fibroblasts (data not shown), and the premyofibrils and myofibrils in transfected muscle cells. Similar disruptions of stress fibers and myofibrils were also found with expression of a truncated alpha-actinin that was much larger (aa 1-728) [Schultheiss et al., 1992] . Taken together, these results suggest that a pool of dynamic alpha-actinin molecules is important for the maintenance and formation of stress fibers, premyofibrils, and myofibrils. Figure 10 illustrates the central role alpha- actinin plays in the binding of a number of proteins in the Z-band .
Telethonin
The least dynamic of the Z-band proteins examined was telethonin, a 19-kD titin binding protein in heart and skeletal muscles [Gregorio et al., 1998; Mues et al., 1998; Mason et al., 1999] . Telethonin binding has been mapped to the immunoglobulin domains, Z1 and Z2, at the N-terminus of titin. Over-expression of telethonin in embryonic cardiomyocytes leads to the disassembly of myofibrils in cultures of embryonic heart cells [Gregorio et al., 1998 ]. We found that telethonin-YFP localized only in the Z-bands of mature myofibrils, but not in the premyofibrils (Fig. 1) . This is consistent with immunofluorescence results from our laboratory that titin first appears localized in nascent myofibrils but not in the Z-bodies of premyofibrils (Fig. 9) [Rhee et al., 1994] . FATZ, however, also binds telethonin [Faulkner et al., 2000] , and does localize in Z-bodies when expressed as a YFP-fusion protein (Fig. 1) . The failure of YFP-telethonin to localize in Z-bodies may indicate that the sites for telethonin-FATZ binding are inaccessible in the Z-bodies.
Exchange of Proteins in the Z-Bands of Cross-Striated Muscles
It is well known that the half-lives of sarcomeric proteins range from several days to almost 10 days in embryonic and adult muscle cells (e.g., titin, 3 days; myosin heavy chain, 5.9 days; actin, 7.7 days; light chains, 9 days) [Zak et al., 1977; Walker and Strohman, 1978; Isaacs et al., 1989; reviewed in Sanger et al., 2004] . These half-lives indicate that within the same myofibril, individual components are replaced at different rates. Thus, the 3-day half-life of titin implies that two of the 12 titin filaments associated with a single myosin filament must be replaced every day in embryonic skeletal muscle cells. The turnover rate for actin indicates that 23 of the 370 actin molecules in the 1l-long thin filament are replaced daily.
The rates of recovery from our photobleaching experiments are much shorter than the half-lives of sarcomeric proteins, minutes and hours, not days and weeks. Nevertheless, the half-times of recovery after photobleaching are also different for each of the GFPtagged Z-band proteins, and are not a simple function of molecular size or GFP position on the protein (Fig. 3 , Table I ). Studies of embryonic muscle cells into which trace amounts of fluorescently dye-labeled sarcomeric proteins, (actin, alpha-actinin, myosin light chains, and tropomyosin) were injected demonstrated that the proteins became incorporated into their appropriate sites in the myofibrils in 1 to 6 h post-microinjection [reviewed in Sanger et al., 2004] . When the fluorescently dyelabeled actin and alpha-actinin were photobleached, they were replaced by unbleached fluorescent protein at rates that varied for each of the two proteins [McKenna et al., 1985a, b] , but that were much faster than the half-lives of sarcomeric proteins determined by radioisotopes. All of these photobleaching observations suggest that the dynamic equilibrium between myofibrillar and cytoplasmic pools is independent of synthesis of new protein molecules and that a cytoplasmic pool of molecules is always present, as shown for myosin light chains and actin [Horvath and Gaetjens, 1972; Shimizu and Obinata, 1986] . These interpretations are further supported by the FRAP experiments we performed in the presence of cycloheximide, an inhibitor of protein synthesis. These observations suggest a dynamic exchange mechanism that permits the continual testing of native sarcomeric molecules, and the rapid entry of newly synthesized molecules. Thus, when a new isoform is synthesized, e.g., in response to developmental or hormonal stimuli, the new protein readily gains access to all of the myofibrils [Bandman, 1985; Bouche et al., 1988] .
The photobleaching experiments in this report suggest that the exchange of soluble Z-band proteins with their bound cohorts in Z-bodies and Z-bands is a process that could allow molecules to be constantly tested for their normal binding properties. Clearly, the exchange occurs without total disassembly of myofibrils and would also support isoform changes as well as the transition of premyofibrils to nascent myofibrils to mature myofibrils observed in living muscle cells (Fig. 9) Sanger et al., 2002; Golson et al., 2004] . The exchange process could be inhibited by mutated molecules that bound more tightly. There are a number of muscle myopathies that are characterized by Z-band anomalies (Z-band streaming) and myofibril disarrays [Engel and Banker, 2004] . These myofibril mishaps may be due to abnormal exchange processes. The ability of a truncated alpha-actinin to induce myofibril disarrays supports this suggestion.
CONCLUSIONS
In summary, our results demonstrate that proteins in the Z-band are in dynamic exchange with a cytoplas- Fig. 8 . FRAP recovery rates of two cypher skeletal muscle isoforms and their domains in the Z-bands of mature myofibrils. A: The schematic diagrams of cypher-1s and cypher-2s indicate the shared PDZ domain (amino acids 1-84) present in both isoforms, and the three LIM domains (amino acids 404-472) present only in cypher1s. B: The average FRAP recovery curves of cypher-1s (black rectangles), cypher-2s (black circles), cypher-LIM domains (white circles), and cypher-PDZ domain (crosses) in the Z-bands of mature myofibrils. The C-terminal region of cypher-2s decreases the dynamics of the cypher-2S PDZ domain, while cypher-1s amino acids 1-364 increase the dynamics of the LIM domains. C: Comparison of the fast and slow mobile fractions of the cyphers, as well as their LIM and PDZ domains in the Z-bands of mature myofibrils. Values are the means 6 SDs. mic pool. This exchange is reduced when compared with that of the same proteins in the Z-bodies that give rise to the Z-bands during myofibrillogenesis. The multiple binding interactions of alpha-actinin with other Zband proteins may explain why dominant negative effects of a truncated alpha-actinin caused myofibrillar disruption. The experiments reveal the Z-band to be a much more dynamic structure than its appearance in static electron micrographs of cross-striated muscle cells might suggest. Fig. 9 . A model of the progression of Z-bodies in premyofibrils and nascent myofibrils to Z-bands of the mature myofibrils. Immunofluorescence experiments indicate that titin, not present in the Z-bodies of premyofibrils, is first detected in the Z-bodies of the nascent myofibrils [Rhee et al., 1994] . The exchange of proteins would permit the remodeling of Z-bodies in the transitions needed to form Z-bands during myofibrillogenesis . Fig. 10 . A growing list of Z-band proteins in the mature myofibrils in skeletal muscle cells. The diagram is arranged to indicate the central role of alpha-actinin in the Z-bands that directly and indirectly binds to the major elements of the muscle cell, i.e., thin and thick filaments, intermediate filaments, costameres, and membranous structures like the sarcolemma, transverse tubules, and the sarcoplasmic reticulum.
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